A straightforward mathematical expression for describing the vertical distributions of algal accessory pigments in oceans is presented. To this end ca 1500 empirical datasets of accessory pigment depth profiles gathered during some 200 research 
Introduction
The variability in the vertical distributions of accessory pigments in seas and oceans was investigated already in the latter half of the 20th century (see e.g. Margalef 1967 , Koblentz-Mishke 1971 , Woźniak & Ostrowska 1990 , Brunet et al. 1993 , Claustre et al. 1994 , Bricaud et al. 1995 , Majchrowski & Ostrowska 1999 , and also more recently (Brunet et al. 2003 , 2006 , Oubelkheir et al. 2005 , Woźniak & Dera 2007 , Uitz et al. 2008 , 2009 . Accessory pigments are divided into two main groups according to their functions in the photosynthetic apparatus: photosynthetic pigments (PSP) and photoprotecting pigments (PPP) (Babin et al. 1996) . The intensive research being carried out by various marine research centres around the world and the availability on the Internet of empirical data on the concentrations of these accessory pigments in marine algae have made it possible to perform statistical analyses to determine the vertical distributions of these pigments in different regions of the ocean.
The objective of this work was to find a straightforward mathematical description of the vertical distributions of algal accessory pigments in case 1 waters 1 . The analysis focused on the vertical distributions of pigments often treated as markers enabling groups of algal species to be defined (Jeffrey et al. 1997, Wright & Jeffrey 2006): chlorophyll b -chl b, chlorophyll c -chl c, fucoxanthin -fuco, 19'-butanoyloxyfucoxanthin -but, 19'-hexanoyloxyfucoxanthin -hex, diadinoxanthin -diadino, diatoxanthin -diato, alloxanthin -allo, peridinin -perid, and zeaxanthin -zea. 
Methods and empirical material
The material for this analysis was drawn from the empirical database accessible on the Internet websites of The SeaWiFS Bio-optical Archive and Storage System SeaBASS (seabass.gsfc.nasa.gov) (Werdell & Bailey 2002) and the U.S. Joint Global Ocean Flux Study -U.S. JGOFS Data System (usjgofs.whoi.edu) (Bidigare 1995 , 2002a , b, c, Goericke 2001a .
The analysis covered a total of 1460 profiles, consisting of around 11 500 sets of empirical data on pigment concentrations at different depths. The datasets were gathered during 203 research cruises in different oceanic regions: North Atlantic (739 profiles), South Atlantic (221 profiles), Mediterranean Sea (256 profiles), North Pacific (41 profiles), Equatorial Pacific (157 profiles) and South Pacific (46 profiles). Phytoplankton pigment concentrations were determined by HPLC (High Performance Liquid Chromatography), whereas optical depths were determined approximately for each pigment profile using the MCM model (the multi-component marine photosynthesis model -Woźniak et al. 2003) on the basis of the real depth z [m] and the surface concentration of chlorophyll a C a (0).
The first step in the analysis was to subdivide the vertical distributions of the algal accessory pigments in accordance with the trophic index 2 . This was followed by an analysis of the relationships between the relative concentrations of the pigments (referred to the chlorophyll a concentration C a ) and the optical depth τ defined as τ (z) = − ln(T (z)), where T (z) is the PAR energy transmittance in the sea. After a good number of attempts, we were able to derive a general mathematical expression adequately describing the vertical profiles of the relative concentrations of different pigments, that is, the dependence of these concentrations on the optical depth for all trophic indices:
where C a -concentration of chlorophyll a, C pigm -concentration of the relevant accessory pigment (pigm stands for chl b, chl c, fuco, but, hex, diadino, diato, zea, allo, perid, as appropriate); a, b, c, d , e -empirical parameters of this dependence. For the statistical analyses the data sets were divided into three groups, according to geographical zone and climate. The first, 'tropical' group contained ca 5500 datasets for latitudes 35 • N-35 • S; the second, 'midlatitudes' group had ca 5050 datasets for latitudes 55 
Results and discussion
The mean profiles of the relative concentrations of accessory pigments in all the subgroups were determined first. These analyses were carried out with reference to the upper layer of waters delimited by an optical depth of τ = 7 (i.e. down to about 1.5 times the thickness of the euphotic layer). Then, using non-linear methods of regression, these mean profiles were approximated with the aid of equation (1). All the coefficients for the various subgroups are listed in the Appendix. Figures 1 and 2 show the results of the successive stages of the analysis. Figure 1 illustrates the results concerning the photoprotecting pigments (PPP) -diadino, allo, diato, perid and zea. where:
σ log -standard error factor, σ− = middle rows show the depth profiles of the relative pigment concentrations approximated using equation (1) for the various trophic types. The bottom rows compare the empirical and modelled pigment concentrations, where C pigm, meas -the measured pigment concentration and C pigm, mod -the pigment concentrations determined using equation (1). Figure 1 shows that the relative concentrations of PPPs are usually the greatest at the surface and decrease with increasing optical depth. This trend is particularly conspicuous in the case of diadinoxanthin and zeoxanthin. The highest relative concentrations of these two pigments are found in oligotrophic waters (types O1, O2, O3). These relationships for the other PPPs are more complex.
The relative concentrations of PSPs ( Figure 2 ) increase with depth, particularly in oligotrophic waters. This increase is practically monotonic; only in the case of chl b, chl c and but do their relative concentrations diminish below an optical depth of ca 5. The dependence of the relative pigment concentration on the Deep Chlorophyll Maximum layer (DCM) was also analysed, but no clear relationship could be found.
Clearly, the nature of all these tendencies is complex, and a detailed elucidation for all the PPPs and PSPs covered here goes beyond the scope of the present article; in any case it requires further study.
The next step was to assess the precision of the various pigment concentrations calculated using the empirical formulas worked out here. Perusal of Table 2 (see page 565), which gives the errors in these estimates for all the pigments, shows that the errors are relatively small and in most cases comparable with the errors inherent in the empirical methods for determining pigment concentrations. Evidence for this is provided, for example, by the values of the standard error factor x (see column 5 of Table 2 ), which in the majority of cases are relatively low, that is, x ≤ 2. Only in a small number cases was x larger than 2.
Final remarks
The empirical formulas based on equation (1), which describe the vertical distributions of algal accessory pigments, have relatively small errors and have a variety of potential applications. Knowledge of these vertical distributions can be used (i) to determine the species composition of algae, (ii) in the bio-optical modelling of the transmission of light in water and its role in photosynthesis and other processes in the marine ecosystem, and (iii) in remote sensing applications.
The search will continue to find formulas that will give a better precision of calculations. Future studies will do well to take seasonality into consideration as a factor governing the resources and composition in the sea of various PPPs and PSPs. Because of the relative paucity of the relevant empirical data, this problem was not addressed in the present work. 
